The chlorophyll content is one of the most important traits selected by breeders, and it is controlled by quantitative trait loci (QTLs) derived from natural variations in rice. We analyzed the QTL controlling chlorophyll content by using 94 RILs derived from a cross between 2 japonica rice cultivars, Lijiangxintuanheigu (LTH) and Shennong265 (SN265). Twenty-two QTLs controlling chlorophyll content at tillering stage, heading stage, and maturity stage were detected, respectively. Among them, Rice cv. LTH had a positive allele only at 1 locus (qCTH4) on chromosome 4. Further analysis indicated that the genetic effect of qCTH4 was the net effects within the period from tillering to heading. The QTL qCTH4 controlling chlorophyll content from tillering to heading locates between RM255 and RM349 on chromosome 4 with a LOD score 19.41, and the QTL qCTH4 explains 61.42% of phenotypic variation. In order to eliminate the influence of other QTLs, 1 single residual heterozygous plant, RH-qCTH4, was selected based on the genotypes of 114 Simple Sequence Repeat (SSR) markers. Using the segregating population derived from RH-qCTH4 by self-crossing, this region was narrowed down to an interval between RM3276 and RM17494 in an approximately 771 kb target region. These results are useful for map-based cloning of qCTH4 and for marker-assisted selection of high photosynthetic efficiency variety.
The chlorophyll content is one of the most important traits selected by breeders, and it is controlled by quantitative trait loci (QTLs) derived from natural variations in rice. Chlorophyll is a photosynthetic pigment and plays a central role in light energy absorption during photosynthesis. Some studies have demonstrated that chlorophyll content is positively correlated with photosynthetic rate (Xu et al. 1997; Thomas et al. 2005) . Peng et al. (2008) reported that new high-yielding varieties showed higher leaf photosynthetic rates and chlorophyll content than those low-yielding lines previously developed. Increasing the chlorophyll content in rice may be an effective way to increase biomass production and grain yield.
Several genes involved in rice chlorophyll biosynthesis and degradation were cloned. Liu et al. (2007) isolated a thermo-sensitive chlorophyll-deficient mutant from more than 15 000 T-DNA transgenic rice lines and identified the OsGluRS gene that encodes glutamyl tRNA synthetase as the target gene. Zhang et al. (2006) reported that the rice Chl1 and Chl9 genes on chromosome 3 encode ChlD and ChlI subunits of Mg-chelatase, respectively. MgProto accumulated at a lower level in both chl1 and chl9 mutants when the seedlings were fed by ALA-DP in complete darkness, indicating that Mg-chelatase activity is severely reduced, resulting in decrease in chlorophyll synthesis. Jung et al. (2003) Journal of Heredity 2012:103(5):720-726 doi:10.1093/jhered/ess041 Advance Access publication July 31, 2012 reported that knockout mutations of OsCHLH resulted in a chlorophyll-deficient phenotype. Wu et al. (2007) isolated a rice Chl-deficient mutant, yellow-green leaf1 (ygl1), and found YGL1 was a chlorophyll synthase. Kusaba et al. (2007) found a rice stay-green mutant, non-yellow coloring1 (nyc1), in which chlorophyll degradation during senescence is impaired. Map-based cloning of NYC1 revealed that it encoded a chloroplast-localized short-chain dehydrogenase/ reductase. Jiang et al. (2007) reported another stay-green gene SGR that encoded an ancient protein containing a putative chloroplast transit peptide. Up-regulation of SGR increases chlorophyll breakdown during senescence in rice. Although such a huge progress about chlorophyll synthesis and degradation pathways has been achieved, the genetic mechanisms which regulated chlorophyll content in rice remains poorly understood.
Most of the previous studies demonstrated that genes controlling chlorophyll content constitute a multiallele system. Utilization of molecular markers is propitious to analyze the genetic basis of complex quantitative traits. Many QTLs conferring rice chlorophyll content were identified in the last decade. Ishimaru et al. (2001) identified 6 QTLs for chlorophyll content by using backcross inbred lines of japonica Nipponbare × indica Kasalath. Teng et al. (2004) detected 3 QTLs for chlorophyll content on chromosome 1, 3, and 8, respectively, by using a double-haploid population derived from anther culture of ZYQ8/JX17. Abdelkhalik et al. (2005) identified 3 QTLs controlling chlorophyll content at flowering and 1 QTL at 25 days after flowering. Conventional rice breeding is based on selection of phenotypes, and there is no corresponding (simple) relationship between genotype and phenotype in quantitative inheritance. So, the efficiency of conventional breeding for high chlorophyll content variety is often low in rice. Additionally, marker-assisted selection (MAS) has been reported to be a useful and reliable method for quantitative traits selection in rice breeding (Xu 2010) . In this paper, we report the identification and confirmation of a useful QTL, qC t-h 4, controlling chlorophyll content from tillering to heading stage and fine mapping of the QTL to a 771 kb interval on chromosome 4. These results will be useful for map-based cloning of qCTH4 and marker-assisted selection of high photosynthetic efficiency variety.
Materials and Methods

Plant Materials
Ninety-four F 6 RILs were developed through the single-seed-descent method and used for the QTL analyses. These lines were derived from an F2 population of a cross between Lijiangxintuanheigu (LTH) and Shennong265 (SN265). LTH is a landrace with low chlorophyll content (1.998 mg•dm -2 ) from Yunnan province, and SN265 is a modern super high-yielding variety with high chlorophyll content (4.765 mg•dm -2 ) from Liaoning province.
To perform fine mapping of the QTL qCTH4 that controls the chlorophyll content from tillering to heading, we selected 1 residual heterozygous (RH) individual termed as RH-qCTH4 in the F 6 population according to the genotyping results of 114 SSR markers. The RH-qCTH4 plant was heterozygous at the qCTH4 region on chromosome 4 and homozygous in other regions throughout the entire genome. A segregating population of 378 individuals for the region of qCTH4 was developed. The graphical genotype of RH-qCTH4 plant used in this study is shown in Figure 1 .
Cultivation and Trait Measurements
Field Trials
The parental lines, RIL population and the RH-qCTH4 segregating population, showed little variation in heading date, therefore all the plants were planted and investigated at the same time. The parents and RILs population were grown in the experimental farm of Rice Research Institute of Shenyang Agricultural University, Shenyang, China, in 2009. The sowing date was 12 April, and fifteen 30-day-old seedlings of each line were transplanted at 1 seedling per hill on 16 May. Each line was planted in 4 rows of 15 hills at a spacing of 13.3 cm between hills and 30 cm between rows. Two replications were conducted according to randomized block design. Field management essentially followed standard agricultural practice. Fertilizers applied were 60, 90, and 90 kg/ha for N, P 2 O 5 , and K 2 O, respectively. Ten plants per line were selected for the measurement of Soil and Plant Analyzer Development (SPAD) value using SPAD-502 Chlorophyll Meter at tillering (25 May), heading (28 July), and maturity (21 September) stages.
The RH-qCTH4 segregating population was planted in the rice-growing seasons of 2011 on the experimental farm of Cultivation and Farming Research Institute of Heilongjiang Academy of Agricultural Sciences, Harbin, China. The sowing date was 18 April and transplanting date was 21 May. One plant per hill was transplanted with a distance of 13.3 cm between plants within a row, and 30.0 cm between rows. Field management essentially followed standard agricultural practice. Fertilizers applied were also 60, 90, and 90 kg/ha for N, P 2 O 5 , and K 2 O, respectively. Three leaves per plant were tested three times to obtain the mean SPAD value for each plant of the RH-qCTH4 segregating population.
Evaluation of Chlorophyll Content
The middle part of upmost fully expanded leaf on main culm was measured for chlorophyll content. Chlorophyll content was measured by using SPAD-502 chlorophyll meter (Minolta, Japan). Chlorophyll content (mg•dm -2 ) Y = 0.1285X − 0.5656. X is the mean SPAD value from the Chlorophyll meter.
Genomic DNA Extraction and PCR Amplification
Total genomic DNA was extracted from young leaves of a single plant using the Cetyl Trimethyl Ammonium Bromide (CTAB) method (Murray and Thompson 1980) . The SSR markers developed by Temnykh et al. (2001) were used for linkage analysis. DNA amplification was performed using a GeneAmp PCR system 9700 thermocycler (Perkin Elmer Cetus, Norwalk, CT). Each reaction of 15 µL PCR mixture contained 20 ng of genomic DNA, 50 mM KCl, 10 mM Tris-HCl (pH 8.8), 0.1% Triton-X, 1.5 mM MgCl 2 , 200 µM each of dNTPs, 0.2 µM of each primer, 5% (v/v) dimethyl sulfoxide, and 0.5 U Taq DNA polymerase (Tiangen Biotech, Beijing, China). Amplification conditions consisted of an initial denaturation at 94 °C for 5 min, 35 cycles of 94 °C for 45 sec, 55-60 °C for 45 sec, and 72 °C for 1 min, followed by a final extension at 72 °C for 5 min. To detect polymorphisms of markers, the PCR products were separated on 6% polyacrylamide denaturing gels, and DNA fragments were detected by silver staining (Panaud et al. 1996) .
Statistical Analysis
Genetic variation revealed by analyzing developmental behavior at a specific stage could provide information only for cumulative genetic effects at that time (Zhu 1995) . The conditional gene effects at time t over the causal effects at time (t−1) imply the new expression of genes, which are independent of the causal effects. Chlorophyll content measured at time t (unconditional effects) was the compound result of genes expressed before time (t−1) and effects within the period from time (t−1) to t (conditional effects). These kinds of gene effects were usually not independent. The net chlorophyll content between time (t−1) and t could be evaluated by the conditional effects at time t given the phenotypic mean measured at time (t−1). The mixed-model approaches were used to obtain the conditional genetic main effects for chlorophyll content between different stages as Yan et al. (1998) calculated tiller number between different stages. Then both original and conditional chlorophyll content values in different measuring stages were calculated using software QGAStation 2.0 (http://ibi.zju.edu.cn/ software/qga/v2.0/index.htm).
The analysis of QTL with unconditional or conditional effects was conducted using Composite Interval Mapping (CIM) method in Win QTL Cartographer 2.5 software (Zeng 1994) . Five markers were identified by stepwise regression that explained most of the variation for a given trait. The 5 markers were specified in Model 6 of the Zmapqtl procedure in QTL Cartographer Version 2.5 using genetic background parameters and a window size of 10 cM on either side of the markers flanking the test site. To identify an accurate significance threshold for each trait, an empirical threshold was determined for CIM using 1000 permutations. QTL confidence/support intervals were calculated as the point along the significance peak where the LOD score was 1.0 unit less than the peak LOD score.
Fine Mapping qCTH4
For fine mapping qCTH4, the bulked-extreme and recessive-class approach as described by Zhang et al. (1994) was used to calculate recombination frequencies between the QTL qCTH4 and molecular markers in the 97 homozygous plants with high chlorophyll content out of 378 segregating plants derived from RH-qCTH4. Thus, the recombination frequency = (N 1 + N 2 /2)/N, where N is the total number of high chlorophyll content plants, N 1 is the number of high chlorophyll content with the marker genotype of the low chlorophyll content parent, and N 2 is the number of high chlorophyll content plants with heterozygous marker genotype. Six polymorphic DNA markers were selected from 30 SSR markers between RM255 and RM349 on chromosome 4. They were used to make a linkage map and high-resolution linkage map ( 
Results
QTL Analysis for Chlorophyll Content at Different Stages in RIL Population
A linkage map that covered 12 rice chromosomes with 114 markers was constructed in our previous lab (Figure 2 ; ). All marker positions were in good agreement with previous maps (www.gramene. org). Five, seven and ten QTLs controlling chlorophyll contents at tillering stage, heading stage and maturity stage were detected, respectively (Figure 2 ; . These QTLs were distributed over all rice chromosomes except chromosome 5. Among them, qCH4 (qCM4), qCH7 (qCM7), and qCH9 (qCM9) were detected at 2 or more growth stages. Rice cv. LTH had a positive allele only at 1 locus qCH4 (qCM4) on chromosome 4 (Table 1 and Figure 2 ). For further understanding the genetic effect of qCH4 (qCM4), we detected the conditional effect between different stages by using mixed-model approaches. The analysis detected a QTL controlling the chlorophyll contents from tillering to heading in an 8.3 cM interval between RM255 and RM349 on chromosome 4 with a LOD score 19.41 (the threshold LOD was 5.68), and the QTL qCTH4 explains 61.42% of phenotypic variation in this population, which confirmed that the genetic effect of qCTH4 was the net effects within the period from tillering to heading. The reason of detecting the ghost QTL qCM4 was that the chlorophyll content before maturity was too high (Table 1 and Figure 3 ).
Phenotypic Performance of Chlorophyll Content in the Segregating Population from RH-qCTH4
The RH-qCTH4 plant was homozygous at all loci except for the region of qCTH4 on the long arm of chromosome 4 (Figure 1 ). This enabled us to handle the qCTH4 locus as a single Mendelian factor in the segregating population. Actually, a clear monogenic segregation for chlorophyll content was observed as shown in Figure 3 . The 378 F2 plants derived from RH-qCTH4 plant could be divided into 2 subgroups with 2.90 mg•dm -2 chlorophyll content as the boundary (Figure 4) . We found that the heterozygous RH-qCTH4 plant had low chlorophyll content, and the segregation ratio of plants with low chlorophyll content and high chlorophyll content in the segregating population was 273:105 = 2.60:1.00, fitting well to the 3:1 ratio (χ 2 = 1.556, P > 0.05). These results revealed that the chlorophyll content from tillering to heading was controlled by a single Mendelian factor, and high chlorophyll content is a recessive trait in this population.
Fine Mapping of qCTH4
Fine mapping of the target gene is a key step for map-based cloning. To fine map the qCTH4 gene, 80 individuals with typical high chlorophyll content were selected in the F 2 segregating population from RH-qCTH4 by self-crossing. Based on the preliminary results, 25 pairs of new SSR primers near the target gene were synthesized. PCR amplification and electrophoresis detection showed that only 6 pairs of them were polymorphic between the 2 parents ( Table 2) . These markers were used for further analysis of typical high chlorophyll content (recessive) individuals in the segregating population, and the result of linkage analysis indicated that RM255, RM5511, and RM3423 were cosegregating with qCTH4. Finally, qCTH4 was mapped in a 1.25 cM interval between RM3276 and RM17494. The region between RM3276 and RM17494 represents 771 kb of genomic sequence according to Nipponbare genome sequence and is covered by a contig with 6 bacterial artificial chromosome (BAC) clones (AL606683, AL606638, AL662996, AL662968, AL606691, and AL606684) ( Figure 5 ), according to the Rice Annotation Project database (http://rapdb.dna.affrc.go.jp/).
Discussion
It is necessary to develop advanced backcrossing materials that are heterozygous at target region and homozygous in the other regions for fine mapping. Near isogenic line, introgression line and chromosome segment substitution lines have been widely used for fine mapping (Ebitani et al. 2005; Tian et al. 2006; Yu et al. 2007; Tan et al. 2008) . Alternatively, a segregating population from RH line (Yamanaka et al. 2005) or heterogeneous inbred line (Tuinstra et al. 1997) derived from a recombinant inbred line (RIL), which has heterozygous target QTL region under a homozygous background, is more commonly used in recent years owing to its simple development. We have used a population of 889 individuals derived from a RH plant RH-qFLL9 to fine map a QTL affecting flag leaf length within 198 kb as a single Mendelian factor (Jiang, Zhang, Wang et al. 2010) . In this study, we used the same approach to fine map qCTH4 to an interval about 771 kb.
A similar phenomenon (difficult to develop enough molecular markers to narrow down the target region) was found because of the similar genetic background of the 2 parent materials. We are now increasing the segregating population size and developing more molecular markers to detect more recombination events in the target region. The most significant findings in this study were the following: 1) the genetic effect controlling chlorophyll content on chromosome 4 is the net genetic effect from tillering to heading and 2) the qCTH4 was delimited within 771 kb region. Through comparison with other studies, we found out that qCTH4 has been consistently detected around the long arm of chromosome 4 across different genetic backgrounds and environments (Wang et al. 2003; Yoo et al. 2007; Takai et al. 2010) . Wang et al. (2003) detected 6 QTLs for contents of chlorophyll a and chlorophyll b, among the 6 QTLs, qChlA4b/ qChlB4b exhibited significant effects only at the heading stage (6 September), suggesting that they might act only at specific developmental stages. Takai et al. (2010) detected a QTL region controlling chlorophyll content and specific leaf area and fine mapped it to a 1798-kb interval between RM5530 and RM17525. We have narrowed the region of QTL qCTH4 (RM3276-RM17494) down to an interval of 771 kb located in the subregion between RM5530 and RM17525. Our results confirmed that qCTH4 is a major QTL that controls chlorophyll content from tillering to heading.
The results also have important implications for rice genetic improvement. It has been demonstrated that qCTH4 can increase chlorophyll content from tillering to heading. Surprisingly, this QTL has not been intensively utilized in rice breeding programs in China. Because LTH that carries qCTH4 was widely known as a rice blast susceptible cultivar for mapping blast resistance gene and the plant height of LTH was more than 140 cm, LTH was never used as parent for modern rice breeding. Thus incorporating the high chlorophyll content allele from LTH into the modern rice cultivars, especially into Chinese super high yield rice breeding programs, should have a potential to greatly improve both photosynthetic rate and yield.
